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We have designed ‘‘split tetra-Cys motifs’’ that bind
the biarsenical fluorescein dye 40,50-bis(1,3,2-
dithioarsolan-2-yl)fluorescein (FlAsH) across strands
of a model b-rich protein. Our strategy was to divide
the linear FlAsH binding tetra-Cys sequence such
that dye could be fully liganded only when the
strands were arranged in space correctly by native
protein conformational proximities. We introduced
pairs of alternating cysteines on adjacent b strands
of cellular retinoic acid binding protein to create
FlAsH binding sites in the native structure. Selective
labeling occurred both in vitro and in vivo relative to
sites with fewer than four Cys or with inappropriate
geometry. Interestingly, two of the split tetra-Cys
motif-carrying proteins bound FlAsH whether native
or urea unfolded, while one was capable of binding
FlAsH only when native. This latter design exem-
plifies the potential of split motifs as structure
sensors.
INTRODUCTION
R.Y. Tsien and coworkers introduced specific sequence-encoded
fluorophore binding tetra-Cys motifs, which ligate biarsenical
dyes via simultaneous formation of four covalent bonds (Griffin
et al., 1998). Biarsenical-based fluorophores, such as 40,50-
bis(1,3,2-dithioarsolan-2-yl)fluorescein (FlAsH), have subse-
quently been widely used to specifically label proteins in vivo
by introduction of the appropriate linear tetra-Cys binding se-
quence, Cys-Cys-Xaa-Yaa-Cys-Cys as a C- or N-terminal tag.
We exploited a FlAsH binding tetra-Cysmotif internal to a protein
sequence to probe in vivo stability and aggregation using as
a model protein the intracellular lipid binding protein, cellular
retinoic acid binding protein I (CRABP I) (Ignatova and Gierasch,
2004; Ignatova et al., 2007). Our design incorporated a linear
tetra-Cys motif in an U loop and yielded a very useful fluores-
cence readout of the folded/unfolded population, because
geometric constraints imposed on the tetra-Cys thiol ligands
by the native structure lowered the FlAsH quantum yield
substantially (Ignatova and Gierasch, 2004; Ignatova et al.,
2007). In our subsequent work, we have attempted to design
tetra-Cys motifs that would be even more sensitive to molecular1104 Chemistry & Biology 15, 1104–1115, October 20, 2008 ª2008architecture. Our strategy was to divide the binding motif into
components that would only accommodate a fully liganded
FlAsH dye when arranged in space correctly by native protein
structure. We refer to the resulting discontinuous biarsenical
dye binding sequences as ‘‘split tetra-Cys motifs.’’
A similar strategy was recently explored by A. Schepartz and
coworkers (Luedtke et al., 2007). They added two cysteine pairs
at the termini of avian pancreatic polypeptide and of Zip4, the
first a helical hairpin, and the latter a b hairpin, and showed
that only the native, folded state bound dye favorably. They
also showed, using dicysteine-tagged leucine zipper-forming
sequences, that intermolecular reconstitution of dye binding
sites could be used to report on dimerization.
In the present study, we have extended the concept of struc-
turally defined split tetra-Cys motifs by designing FlAsH binding
sites within the folded interior of the b clam protein, CRABP I. In
this case, proper ligand arrangement requires alternating cyste-
ine residues, Cys-Xaa-Cys. We incorporated these sequences
into adjacent b strands of CRABP I such that the four cysteines
would come close in space, and present, in essence, a recom-
bined tetra-Cys motif in the native protein. In principle, this
arrangement allows formation of the FlAsH binding split tetra-
Cys motif only in the folded protein, although populated states
with native-like distances may be able to bind the fluorophore
as well. We were able to demonstrate labeling of three different
split tetra-Cys motif-carrying CRABP I proteins, both in vitro
and in vivo in E. coli cells. Selectivity for the well-designed motifs
was indicated by the lack of labeling of sites with fewer than four
cysteines or with nonoptimal geometry. In vitro, achieving selec-
tive labeling of the split tetra-Cys motif-containing proteins was
highly dependent on solution conditions. Presence of competing
thiol-based molecules, such as b-mercaptoethanol, reduced
glutathione (GSH) or ethanedithiol (EDT), led to greater selectivity
of labeling in vitro. Furthermore, we observed that a combination
of GSH, which is abundant in vivo, and a mixture of proteins (bo-
vine serum albumin [BSA] and lysozyme) that mimics the cellular
environment also resulted in specific labeling of the split tetra-
Cys motif-containing proteins. Consistent with this observation,
in vivo labeling was highly specific, and only proteins carrying
geometrically optimized split tetra-Cys motifs were labeled.
Both the quantum yield of bound FlAsH and its binding affinity
were found to be dependent on the location of the split tetra-Cys
motif in the protein. We believe that the observed differences in
quantum yield are a consequence of structural constraints on the
geometry of the binding site from the protein architecture, which
lead to nonoptimal ligand arrangements. Any distortions fromElsevier Ltd All rights reserved
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to reduced stability of the dye-protein complex. Contrary to our
expectations, only one of the sequence-distant split tetra-Cys
motifs lost FlAsH binding ability under denaturing solution condi-
tions. While the reasons for the retention of FlAsH binding in the
other cases are not clear, we speculate that the components of
the split motif spend time near one another even in the denatured
state, leading to significant dye binding. These results provide
insight into design of split tetra-Cys motifs that can be accom-
modated in a native structure and factors that enable them to
report on the folding status of a b sheet protein.
RESULTS
Design Considerations in a Cross-Strand Split
Tetra-Cys Motif
Rational design of a FlAsH dye binding motif ideally requires
knowledge of the structure of the biarsenical-bound tetra-Cys
present in a model peptide or in a protein. However, due to the
lack of any such structural data, we decided to use available
Figure 1. Distance Constraints for a Tetra-
Cys Motif
(A) The distances obtained from the crystal
structures of fluorescein (PDB ID code 1N0S)
(Korndorfer et al., 2003) and As-S-containing
compounds (Cruse and James, 1972; DiMaio and
Rheingold, 1990; Shaikh et al., 2006a, 2006b).
(B) Positions of the cysteine residues (i, i + 1, i + 4,
and i + 5) of a tetra-Cys motif on an a helix. The
representative helix is the second helix in CRABP
I (PDB ID code 1CBI). The distances were mea-
sured between the a-carbon atoms of residues
at positions i, i + 1, i + 4, and i + 5.
(C) A ‘‘Pro-Gly’’-containing loop of yeast iso-CytC
(PDB ID code 1YCC) used to obtain distances
between a-carbon atoms of the residues (i, i + 1,
i + 4, and i + 5) around the turn forming Pro-Gly
sequence.
(D) Positions of the cysteine residues on spatially
adjacent b strands used to form a cross-strand
split tetra-Cys motif. Strands 10 and 10 of CRABP
I are shown. The distances between the a carbons
are similar to those measured for the tetra-
Cys-forming residues on an a helix.
(E) The structure of CRABP I (PDB ID code 1CBI),
bottom right, is shown with the numbering of the
10 antiparallel b strands, and the continuous tetra-
Cys motifs are indicated in red. The positions of
the split tetra-Cys motifs are illustrated in the
surrounding fragments, with the cysteine residues
that form the binding site in red.
biochemical information, the NMR struc-
ture of As(III) binding to a dicysteine in
a helical peptide (Cline et al., 2003), fluo-
rescence enhancement studies of FlAsH
binding to dicysteine loop-forming pep-
tides (Adams et al., 2002; Stroffekova
et al., 2001), and the crystal structures
of As(III)-thiol-containing small molecules
(Cruse and James, 1972; DiMaio and
Rheingold, 1990; Shaikh et al., 2006a, 2006b) and fluorescein
(Korndorfer et al., 2003) to assist our design of split tetra-Cys
motifs. The measured distances between the a carbons of the
cysteines forming FlAsH binding motifs are indicated in Figures
1A–1C. It can be seen that these distances are very similar to
those between the a carbons of a pair of residues at alternating
positions on a b strand along with a pair at the corresponding
cross-strand positions (Figure 1D). It should be noted that
a range of distances between the a carbons could still enable
the thiols to bind, given the flexibility in cysteine side chain orien-
tations. Our design of placing the four cysteine residues in alter-
nating positions on adjacent b strands to form the tetra-Cys
binding sequence was further supported by a recent report on
As(III) binding to b-hairpin structures wherein the authors report
that As(III) can bridge cysteines present on two antiparallel
b strands (Ramadan et al., 2007).
We usedCRABP I, a 136 residue protein containing 10 antipar-
allel b strands in a closed b barrel, as a model protein to test
our design. Three different pairs of b strands—strands 1 and 2
(St1–2), strands 10 and 10 (St10–10), and strands 1 and 10
Chemistry & Biology 15, 1104–1115, October 20, 2008 ª2008 Elsevier Ltd All rights reserved 1105
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(Figure 1E). The split tetra-Cys motifs across these strand pairs
encompass increasing lengths of intervening sequence (36 res-
idues for St1–2, 117 residues for St 10–10, and 126 residues for
St1–10). In addition, we also carried out comparative FlAsH bind-
ing studies on CRABP Imutants containing continuous tetra-Cys
motifs with a -CCPGCC- sequence at the C terminus (CPG) or in
the U-loop between strands six and seven, as previously re-
ported (loop[GP]) (Ignatova and Gierasch, 2004). All the variants
were checked by circular dichroism (CD) and found not to have
suffered any structural perturbation as a consequence of incor-
porating the tetra-Cys motif (see Figure S1 available online).
In Vitro FlAsH Labeling
Initially, FlAsH binding studies were carried out with purified split
tetra-Cys-containing proteins under conditions that were non-
physiological, but controlled in vitro, in order to test and charac-
terize dye binding to the split motifs. All the tetra-Cys variants
could be labeled with FlAsH as purified native protein samples
in solution, as indicated by an enhancement of FlAsH fluores-
cence upon binding (Figure 2). Importantly, far-UV CD spectra
of the labeled proteins showed no significant perturbation of
the protein structure upon labeling (Figure S1). The enhance-
ments in FlAsH fluorescence upon binding to the different
tetra-Cys motifs followed the trend, CPG > St1–2 > St10–10 >
St1–10 loop(GP). This order reflects the quantum yields of
the FlAsH-bound proteins, which were 0.35 ± 0.1 for CPG,
0.17 ± 0.1 for loop(GP), 0.3 ± 0.07 for St1–2, 0.16 ± 0.01 for
St1–10, and 0.24 ± 0.09 for St10–10. We have observed that
the quantum yields of FlAsH bound to tetra-Cys motifs within
this model protein are in general lower than those reported in
Figure 2. FlAsH Fluorescence upon Binding to the Tetra-Cys-Con-
taining Proteins
The fluorescence emission spectra of the various FlAsH-labeled tetra-Cys mo-
tif-containing proteins (0.2 mM solutions).1106 Chemistry & Biology 15, 1104–1115, October 20, 2008 ª2008earlier studies (0.44–0.71) (Adams et al., 2002; Luedtke et al.,
2007; Wang et al., 2007). The other noticeable feature of the
bound-FlAsH spectra was a 5–6 nm blue shift of the emission
maximum in the case of the St1–2 and St1–10 proteins, consis-
tent with a hydrophobic environment around the bound dye. The
cysteine residues on strand 1 for both of these split motifs flank
a tryptophan residue (Trp7), which may form an apolar region
close to the bound dye.
Comparative Binding Affinities
of Different Split Tetra-Cys Motifs
FlAsH binding affinity for the tetra-Cys motifs was determined
using two methods: displacement of the bound dye by increas-
ing concentrations of EDT followed by fluorescence titration
(Adams et al., 2002), and direct measurement of the apparent
dissociation constant (KDapp) by titrating FlAsH with increasing
protein concentration in the presence of EDT. In the former,
the fluorescence signal retained upon treating the FlAsH-labeled
proteins with varying concentrations of EDT provided a direct
measure of the stability of the FlAsH-bound species. We define
the ‘‘EDT-50’’ as the molar excess of EDT over the protein con-
centration at which the FlAsH fluorescence was reduced to half
of its initial value in the absence of EDT. FlAsH bound to the CPG
protein was most resistant to EDT displacement, while, by con-
trast, FlAsH bound to all the other constructs was more readily
displaced by EDT, with the EDT-50s following the trend
St10–10 > loop(GP) > St1–2 St1–10 (Figure 3A). FlAsH was
50% displaced from the St10–10 and loop(GP) motifs at about
70-fold and 50-fold molar excess of EDT, respectively, while
the motifs St1–2 and St1–10 were displaced by EDT at only
about 5-fold excess under similar conditions of labeling. The
wide range of EDT-50 values for the different split motifs sug-
gests that the stability of the bound dye depends on the location
of the binding motif within the protein. In addition, we noted that
dye displacement occurs in two kinetic steps, which we interpret
to indicate a slow (rate-limiting) initial release of one of the
dicysteine motifs, which then accelerates dislodging of the dye
molecule from the second pair of cysteines in a second, faster
step. The details of the kinetic analyses are described in
Figure S2.
A direct measurement of KDapp in the presence of EDT
(Figure 3B) shows that the CPG tetra-Cys motif has the highest
affinity for FlAsH (KDapp = 0.4 mM), followed by the split
motifs St1–2 (KDapp = 43 mM) and St1–10 (KDapp = 64 mM). The
St10–10 protein exhibited the lowest affinity for FlAsH (KDapp =
2.6 mM). In the case of the loop(GP) protein, the data were not
fit well to a single binding equilibrium due to the formation of
hyperfluorescent aggregates at higher protein concentration.
Taken together, the differing quantum yields and affinities led
to a wide range of fluorescence enhancements for the labeled
proteins at a fixed protein-to-dye concentration (a 2-fold excess
of FlAsH) (Figures 3C and 3D). Placing the CCPGCC motif at the
C terminus resulted in by far the greatest fluorescence enhance-
ment (130-fold), followed by one of the split tetra-Cys variants,
St1–2. Under these conditions, FlAsH-labeled St10–10 displayed
the lowest increase in fluorescence. As a cautionary note, inter-
pretation of FlAsH fluorescence of designed tetra-Cys motifs
within the folded regions of a protein, whether split or continu-
ous, requires that the potential variations in both quantum yieldElsevier Ltd All rights reserved
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tetra-Cys motif shows weak direct binding affinity, but bound
dye is quite resistant to EDT. This apparently paradoxical obser-
vation underlines the complexity of the binding reaction and the
chemical nature of the thiol exchange process.
Is FlAsH Binding to Split Tetra-Cys Motifs Selective?
There is a real risk that the entropic cost of bringing the two
components of a split tetra-Cys motif together to reconstitute a
well-formed FlAsH binding site will lead to substantial loss of se-
lectivity over adventitious sites, for example, with fewer than four
thiols. Nonspecific biarsenical dye labeling in cells from binding
to endogenous thiols, and from the hydrophobic nature of the
fluorophore, has been reported (Adams et al., 2002; Stroffekova
et al., 2001). FlAsH binding to cysteineswithin protein sequences
is based on arsenite chemistry, and arsenites have significant
affinity for both mono- and dithiol compounds (Rey et al., 2004;
Spuches et al., 2005). We designed control variants of the
St10–10 split tetra-Cys motif containing protein carrying zero to
three cysteines (Table S1, Figure 4A). We also included in our
comparative studies, as a negative control, a tetra-Cys variant
with a pair of cysteines on strands 2 and 10 such that the binding
motif cannot form in the native protein. Under what we term
‘‘nonstringent’’ conditions in vitro (i.e., in the absence of compet-
ing thiols), all of the purified control proteins bound FlAsH to
varying extents (Figure 4B). In all cases, the observed fluores-
cence was similar or lower than the fluorescence associated
with the proteins carrying the full tetra-Cys motifs, split or not.
In addition, increasing the labeling time led to increased labeling
of all the proteins, including the controls.
On the other hand, in buffers containing 5 mM b-mercaptoe-
thanol, or in 5mMGSH redox buffer with amolar ratio of reduced
to oxidized GSH of 200 (similar to what would be present in Es-
cherichia coli cells [Koprowski and Kubalski, 1999; Messens and
Collet, 2006]), the control proteins were significantly less well la-
beled with FlAsH than the tetra-Cys proteins (Figures 4C and
4D). Similar results were obtained when the FlAsH-labeling reac-
tionwas carried out in a GSH redox buffer containing amixture of
BSA and lysozyme to simulate the presence of background pro-
teins lacking a tetra-Cys sequence, and to increase the complex-
ity of the reaction mixture (Figure S3). The strong fluorescence
associated with BSA is due to nonspecific labeling or attachment
of FlAsH, an observation that has been reported previously (Cao
et al., 2006). FlAsH displays a preferential interaction with
Figure 3. Affinity of FlAsH for Different Tetra-Cys Motifs
(A) EDT titration of FlAsH-labeled proteins. Varying concentrations of EDT were added to 0.2 mM solutions of FlAsH-labeled proteins, and the decrease in
fluorescence at 530 nm was used as a measure of displacement of bound FlAsH.
(B) Equilibrium binding of FlAsH to the tetra-Cys motif-containing proteins. The KDapp was determined from fitting the fluorescence intensity at 530 nm upon
addition of increasing protein concentration to a 50 nM FlAsH solution.
(C and D) The fluorescence emission spectra and the relative fluorescence increase with respect to the free dye fluorescence for 0.5 mMof the different tetra-Cys
motif-containing proteins labeled with 1.0 mM of FlAsH, respectively. Error bars indicate the SD from four independent experiments.
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protein is considerably lower than the amount of BSA, as
indicated by a reduction in BSA-associated FlAsH fluorescence
(Figure S3B, lanes 2–5). Our data clearly show that FlAsH label-
ing to favorably situated split tetra-Cys motifs is indeed selective
over control proteins and competing background when the
labeling reaction is carried out under stringent conditions.
Mode of Thiol Binding to the Arsenics in a Split
Tetra-Cys Motif
In the split tetra-Cys motifs that span spatially adjacent strands,
there are two possible modes of FlAsH binding: the arsenic
atoms can each bind across the interstrand space, or along
the strand (Figure 5). The fact that both the dicysteine control
protein with cysteines on the same strand, 2C(S), and the one
with cysteines across two adjacent strands, 2C(O), bind signifi-
cantly to the arsenic atoms of FlAsH (in the absence of compet-
ing thiol reductant) argues that either mode of arsenic-thiol li-
ganding can occur. The 2C(O) protein with cysteines present
across the strands exhibited about 2-fold-greater fluorescence
upon FlAsH binding than did the protein carrying the di-Cysmotif
on the same strand (2C[S]) (Figure S4A). When the FlAsH-bound
di-Cys motif proteins were analyzed by SDS-PAGE, the fluores-
cence of the 2C(O) protein diminishedmarkedly relative to that of
the 2C(S) protein (Figure S4B), presumably because of SDS
denaturation of the protein and resulting strand separation.
In Vivo FlAsH Labeling
Based on our finding that FlAsH binding is selective under strin-
gent labeling conditions in vitro, we anticipated selective labeling
of the tetra-Cys proteins expressed in vivo. We followed the pro-
tocol used previously to label continuous tetra-Cys-containing
proteins expressed in E. coli cells (Ignatova and Gierasch,
2004), with a few modifications. Note that no cellular toxicity
was observed at the micromolar concentrations of FlAsH used
for the in vivo labeling (data not shown). Significant FlAsH label-
ing of the split tetra-Cys proteins was indicated by uniform fluo-
rescence throughout cells (Figure 6A) and confirmed by analysis
Figure 4. Tests for Alternative FlAsH Binding Sites In Vitro
(A) The schematic indicates the positions of the cysteine residues in the control constructs with suboptimal FlAsH binding sequences.
(B and C) The various proteins illustrated in (A) were labeled in vitro in buffer (B) or in buffer containing 5 mM b-mercaptoethanol as a competing molecule (C).
(D) Analogous labeling of the purified tetra-Cys motif-containing proteins in 5 mM b-mercaptoethanol (b-ME). The left and the right panels in (B), (C), and (D) show
detection of the same SDS-PAGE gel by FlAsH fluorescence (using a phosphorimager) and by Coomassie staining, respectively. Labeling under the stringent
conditions in (C) demonstrates the selectivity of FlAsH labeling for only the tetra-Cys proteins. The asterisk indicates the position of a CRABP I dimer. Note
the strong fluorescence signal detected for the St10–10 protein despite a lower protein amount based on Coomassie blue staining, indicating that it is well labeled
by FlAsH.
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which showed that themajor fraction of the observed in-cell fluo-
rescence was indeed from FlAsH associated with the CRABP I
tetra-Cys motif-containing protein (Figures 6B and 6C). A strong
fluorescence signal was observed for both the continuous and
the split tetra-Cys motif-containing proteins, and the fluores-
cence associated with the cells expressing the control proteins
(with fewer than four cysteines or split tetra-Cys motifs on non-
adjacent strands) was low, similar to that observed in cells
expressing the wild-type protein (devoid of a tetra-Cys motif).
A difference in the efficiency of in-cell labeling was observed,
with the best labeling (>90% of cells) in the case of the CPG
protein. Approximately 70% of the cells expressing St1–2,
St10–10, and loop (GP) were labeled, and only about 50%of cells
expressing the St1–10 split motif protein were labeled.
Using a Split Tetra-Cys Motif to Discriminate Native
and Nonnative Protein Conformation
We anticipated that the ability of a split tetra-Cys motif to bind
FlAsH could be used to report on the presence of native-like
structure, reasoning that this structure was necessary to bring
the liganding residues into the arrangement required for binding.
We expected, therefore, that the ability of all of the designed split
tetra-Cys-containing variants of CRABP I to bind the FlAsH dye
would be dependent on the presence of natively folded species
under a given set of conditions. We were surprised to find in
a comparison of FlAsH binding to the three native and urea-
unfolded split tetra-Cys-containing proteins (carried out in the
presence of mM EDT [see Experimental Procedures]) (Fig-
ure S5A) that only the St10–10 split tetra-Cys-containing protein
displayed this sensitivity of FlAsH fluorescence to native struc-
ture. For comparison purposes, we also show the previously
described behavior of the FlAsH-labeled loop(GP) variant, which
has proven very useful for in-cell urea melts (Ignatova and Gier-
asch, 2004; Ignatova et al., 2007), where the FlAsH fluorescence
intensity is higher in the unfolded state. A decrease in FlAsH
fluorescence for the St10–10 split tetra-Cys containing protein
was also observed when it was expressed in E. coli cells and
the resulting cell lysate was then urea treated (Figure S5B). The
St10–10 protein thus exemplifies the anticipated potential of split
tetra-Cys motifs as folding sensors (see below).
At present, we have no explanation for the retention of dye
binding ability of the denatured state of the St1–2 and St1–10
split tetra-Cys-containing proteins other than to suggest that
the unfolded state of CRABP I retains native-like proximities
between some regions due to sequence-dependent biases
that are not weakened by urea. For example, we previously
showed that an isolated peptide fragment of CRABP I (residues
10–32) populates, to a substantial extent, the native-like Schell-
man motif, which would bring strands 1 and 2 into proximity in
the unfolded state (Sukumar and Gierasch, 1997). By contrast,
the likelihood that the two components of the St1–10 split
tetra-Cys motif come into proximity in the urea-unfolded state
is expected to be small. More intensive study of the conforma-
tional ensemble present in the urea-unfolded state of CRABP I
may provide insight into the FlAsH binding abilities of these
different split tetra-Cys variants.
Through more detailed analysis, we confirmed that the urea
dependence of the St10–10 split tetra-Cys motif protein FlAsH
fluorescence arises from loss of binding affinity, as structure is
disrupted at higher urea concentration. Note that this is distinct
from our original design of the loop(GP) tetra-Cys variant, where
the quantum yield of bound FlAsH is urea dependent, and not
the binding itself. Analyzing the FlAsH-labeled pure St10–10
protein on a desalting column (Figure 7A), or the FlAsH-labeled
expressed St10–10 protein in cell lysate by SDS-PAGE (Fig-
ure 7B), confirms a lower extent of labeling under denaturing
conditions. Urea titrations of FlAsH-labeled St10–10 protein ei-
ther purified or in cell lysate revealed a reduction of FlAsH fluo-
rescence with increasing urea concentration (Figure S5C and
Figure 5. Two Potential Modes of Arsenic Binding to the Cysteines of a Split Tetra-Cys Motif
(A) Arsenic atom linked to the cysteine residues on the same strand.
(B) Arsenic atom bound to the cysteine residues from two adjacent strands.
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tion for half-maximal denaturation (Cm) from these urea titrations
of FlAsH-labeled St10–10 protein because they are carried out in
the presence of a significant concentration of EDT, which will
displace the intramolecular FlAsH Cys ligands as structure is
disrupted. Thus, the apparent Cm is a measure of how readily
EDT can displace dye from the tetra-Cys motif as a function of
urea concentration, and not strictly thermodynamic stability.
For comparison purposes, we show a urea titration of the
St10–10 protein monitored by Trp fluorescence, which yields
a higher Cm (5.4 M [Figure S5C]). Nonetheless, under the same
solution conditions, the apparent Cms from FlAsH binding will
be useful comparative indicators of stability. Caution must be
exercised in moving to different solution conditions, as they
may yield different apparent Cms. For example, we show in
Figure S5C that the apparent Cm from FlAsH fluorescence ob-
served with purified protein in the presence of 0.5 mM EDT is
lower than that observed in cell lysate, presumably because
there are many proteins present in lysate that bind EDT to
some extent and diminish its ability to displace the FlAsH dye.
DISCUSSION
Because of their facile cell permeability, their low fluorescence in
the unbound form, and their specificity for a short, genetically en-
coded sequence motif, biarsenical dyes, such as FlAsH, offer
one of the most elegant in-cell labeling strategies. We previously
exploited these traits along with a fortuitous structure-depen-
dent quantum yield of the protein-bound FlAsH to monitor the
urea-induced denaturation of CRABP I inside E. coli cells
(Ignatova and Gierasch, 2004; Ignatova et al., 2007). The FlAsH
binding tetra-Cys motif in our earlier study was embedded in
the middle of the sequence of CRABP I and placed in a site
(an U loop) that we believed would tolerate mutation, but also
perhaps show structure-dependent fluorescence of bound
FlAsH. The success of this work established the approach of
designing FlAsH binding sequence locations such that FlAsH
fluorescence properties are indicative of the structure and
folding of the host protein. The responsiveness of the FlAsH
fluorescence to the state of folding of the U loop tetra-Cys
protein arose from high sensitivity of the FlAsH quantum yield
Figure 6. In-Cell FlAsH Labeling of Tetra-Cys Proteins
(A–C) Epifluorescence microscopy images of FlAsH-labeled E. coli cells expressing the various tetra-Cys motif-containing proteins (as described in Experimental
Procedures). The upper and lower panels are the fluorescence and the differential interference contrast images, respectively. Scale bar, 2 mm. Lysates from the
FlAsH-labeled cells expressing the control proteins for the split tetra-Cys motif (B) and the split tetra-Cys motif-containing proteins (C) were analyzed on a 10%
tricine SDS-PAGE. The left panels in (B) and (C) represent the FlAsH fluorescence as a phosphorimage of the Coomassie-stained gel shown in the right panel. The
Coomassie blue staining indicates similar expression levels for all the proteins. The lane labels correspond to the lysate of cells expressing the specified protein.
The arrow and the asterisk indicate the position of CRABP I and SlyD (an E. coli protein that has recently been identified to be a high-affinity biarsenical binding
protein by Wang et al. [2007]), respectively.
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tif. This sensitivity was key to the success of this past design,
but also confounds the design of such structure-sensitive bind-
ing sites in other proteins. Our hope to design a more direct
strategy for structure-sensitive FlAsH binding, and thus to sim-
plify the transfer of this design concept to other systems, was
the genesis of the present study. We proposed to introduce
pairs of cysteine residues in different locations of a protein,
not continuous in sequence, such that the residues are in close
proximity only in a particular conformational state, such as in
the native form. Fluorescence enhancement observed upon
FlAsH binding to such a split tetra-Cys motif could then be
used as an indicator of the proximity of the split tetra-Cys res-
idues. While we were implementing this approach, a similar
strategy was successfully developed by A. Schepartz and
coworkers (Luedtke et al., 2007). Their choice was to use the
split tetra-Cys components (which they term ‘‘bipartite
tetracysteine’’ motifs) as tags on the termini of proteins to be
tested. In their case, the increased FlAsH binding and
fluorescence indicated that the termini had come together to
form a FlAsH binding site, either through folding or through
dimerization.
Figure 7. Structure Dependence of FlAsH Binding of Split Tetra-Cys Motif-Containing CRABP I Variants
(A) Urea dependence of FlAsH binding probed by gel filtration of the FlAsH-labeled St10–10 protein. The solid line and the dashed line represent the traces at 0 M
and 7 M urea, respectively, followed by absorbance at 280 nm (black line, protein) and/or 500 nm (green line, FlAsH). No binding of dye is seen to the wild-type
control protein lacking a tetra-Cysmofif (top panel). By contrast, coelution of the dye with the St10–10 protein in 0M urea, but not in 7Murea, shows that dye binds
to the native protein and not to the unfolded protein.
(B) SDS-PAGE analysis of FlAsH binding to the loop(GP) and the St10–10 tetra-Cys containing proteins in cell lysate in either their native (N) or urea-unfolded (U)
states. The reduced fluorescence seen for the unfolded state of the St10–10 split tetra-Cys motif-containing protein indicates that unfolded protein binds FlAsH
poorly. The arrow indicates the position of CRABP I, and the asterisk the position of the nonspecifically FlAsH binding protein, SlyD.
(C) Urea titration of St10–10 split tetra-Cys containing protein in cell lysate measured by FlAsH fluorescence at 530 nm. Error bars for the cell lysate samples were
estimated from three independent measurements, and represent SD.
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tetra-Cys moieties internal to a protein structure. We tested one
of the plausible split tetra-Cys arrangements by placing pairs of
cysteines in alternating positions (Cys-Xaa-Cys) on two adjacent
b strands, which situates the four thiols to form a FlAsH binding
site on the protein in its native form. Three such split motifs were
grafted into the b-clam protein CRABP I, used as a test case, to
gain insight into the optimal design of such split motifs. The
St1–2 motif, with cysteines present at the beginning of frayed
ends of weakly hydrogen-bonded strands 1 and 2 (Figure S6A),
showed the highest affinity for FlAsH. This was followed by the
St1–10 motif, which has the cysteine pairs introduced at the
end of the b sheet formed by strands 1 and 10 (Figure S6B).
The cysteine residues incorporated into strand 10 in this case
are very near to the flexible C terminus of the protein. The third
motif, St10–10, places the binding motif across a regular well-
hydrogen-bonded pair of b strands 10 and 10 (Figure S6C). Three
properties of these sites were used for comparison purposes
and to assess their utility, for example, as conformational
probes: the binding affinity, measured by KDapp of the FlAsH-
protein complex at a given EDT concentration, the ease of
displacement of bound FlAsH by added EDT, and the quantum
yield of bound FlAsH. As a reference, we used CRABP I with
a C-terminal continuous tetra-Cys tag.
All of the engineered split tetra-Cys motifs and the internal
U-loop continuous tetra-Cys motif have lower FlAsH affinity,
greater ease of FlAsH displacement, and lower quantum yield
of bound FlAsH than the C-terminally tagged tetra-Cys protein.
We attribute these properties to the nonoptimal geometry of
the designed binding sites, in combination with the energetic
cost that must be invested to rearrange the discontinuous sites
to a more favorable geometry. Higher affinity binding was ob-
served for the two cross-strand sites that deviate from regular
b-sheet structure (St1–2 and St1–10). Binding to the St10–10
site, which is embedded in a very regular sheet region of the
native structure, is weaker. Interestingly, displacement from
the St10–10 site requires higher EDT. We speculate that this
parameter is sensitive to the inherent flexibility of the site, since
a thiol exchange reaction must be initiated for displacement to
occur. While definitive interpretation of the origin of the differing
properties of these designed motifs must await three-
dimensional structure determination for FlAsH-bound proteins,
the ability of a site to adopt optimal geometry for binding to the
FlAsH arsenics seems to influence both affinity and quantum
yield. Thus, from a design perspective, to simply optimize
binding, a split tetra-Cys motif might best be placed in flexible
regions, like the terminal tagging strategy used by Luedtke
et al. (2007). However, there may be situations in which
incorporation of FlAsH binding split tetra-Cys motifs into the
well-structured regions of proteins presents advantages. Our
successful design of split motifs based on the initial distance
estimates of residues on adjacent b strands suggests the
general applicability of using split binding motifs on non-
sequence contiguous, spatially adjacent b strands as fluores-
cent tagging motifs in proteins.
The results of this study also shed light on the initial design
goal: use of split tetra-Cys motifs as structure-sensitive probes,
with the initial idea being that binding would occur much more
avidly to the native than to the nonnative state. We anticipated1112 Chemistry & Biology 15, 1104–1115, October 20, 2008 ª2008that the nonnative state would release its FlAsH dye rapidly,
allowing reequilibration, only a small fraction of the protein
would be bound, and hence the dye in this case would serve
as a reporter of the conformational distribution in the population
without significantly altering the distribution. Indeed, FlAsH
binding to the St10–10 protein was essentially absent in the
urea-unfolded state (in the presence of moderate concentration
of reductant and substoichiometric quantities of FlAsH dye).
This protein therefore epitomized our original design and
serves as a suitable subject for a FlAsH-based protein-folding
assays, either in vitro or in vivo. For reasons that are not
immediately apparent, the other two split motif-carrying CRABP
I variants, St1–2 and St1–10, retained substantial FlAsH
binding capacity in the ensemble of urea-unfolded conforma-
tions. We speculate that this observation arises from the
sampling of structures in the unfolded state that have native-
like proximities of the cysteine residues in the region around
the split motifs.
We suggest that the simplest and quickest screen for
structure-dependent FlAsH binding of a given design for a split
tetra-Cysmotif location is tomeasure FlAsH fluorescence in SDS
polyacrylamide gels on samples labeled in native or denatured
conditions. This approach is independent of structure-depen-
dent quantum yield variations, as the proteins are denatured in
the gel in any case. A concern that must be considered in any
of these designs is the potential effect of FlAsH binding to a split
tetra-Cysmotif on the stability of the protein. The presence of the
cross-linkages created by FlAsH binding to a split tetra-Cys
motif will certainly alter the energetic difference between the
folded and unfolded states. Our preliminary measurements of
apparent melting temperature for the FlAsH-labeled proteins in
the absence of added EDT show modest destabilization upon
dye binding (Figure S7).
Background fluorescence has been a complicating issue in
in vivo FlAsH labeling studies (Stroffekova et al., 2001; Adams
et al., 2002). Happily, we observed that FlAsH labeling of the
split tetra-Cys motifs retained high selectivity (i.e., good binding
required all four thiols) under stringent in vitro conditions or
in vivo. It is likely that FlAsH binding in complexmixtures of thiols,
as presented by the cellular milieu and added exogenous
reductant EDT, occurs by a ‘‘transfer mechanism,’’ similar to
the previously reported mechanism of arsenite binding to GSH
(Rey et al., 2004; Schmidt et al., 2007; Spuches et al., 2005)
and the transfer of arsenite from GSH to higher-affinity dithiols
(Delnomdedieu et al., 1993). Reduced GSH along with other cel-
lular proteins, and of course added EDT, likely serve as the early
recipients of FlAsH, and, upon expression of the recombinant
tetra-Cys proteins, the dye is transferred from its low-affinity
substrates. The extent of transfer and, hence, the background
will depend on the relative affinities. Therefore, high background
signals may also be indicative of low-affinity FlAsH binding sites
on the protein. As suggested by Stroffekova et al. (2001), a higher
expression level of the recombinant protein will also promote
selective labeling, and our simple rate expression (see rate
equation anaylsis in Supplemental Data) also indicates that
high ratios of protein-to-dye concentrations are expected to
maximize the labeling efficiency. We recommend that these
issues be kept in mind in the use of any tetra-Cys motif con-
taining protein, but particularly when utilizing split tetra-CysElsevier Ltd All rights reserved
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pic factors.
SIGNIFICANCE
We have shown that tetra-Cys motifs designed to bind biar-
senical dyes, like 40,50-bis(1,3,2-dithioarsolan-2-yl)fluores-
cein (FlAsH), can be incorporated into the folded interior of
a protein as two separate moieties. FlAsH binding across
strands can occur without perturbing the native structure
of a b-sheet protein. Our detailed analysis of the sensitivity
of both FlAsH fluorescence enhancement (i.e., quantum
yield) and affinity to the nature of the designed binding site
underlines the necessity to tune the split tetra-Cys motifs
for a particular application. Our results indicate that regions
of proteins capable of conformational adjustment to opti-
mize ligand geometry are themost suitable for incorporation
of FlAsH binding split tetra-Cys motifs with high affinity and
quantum yield. We have demonstrated that it is possible to
design a split tetra-Cys motif that is only capable of FlAsH
binding in the native protein. However, the surprising ability
of other split tetra-Cys motifs to retain FlAsH binding in the
denatured state, even when the component parts are well
separated in sequence, argues that populated states with
close approach of the tetra-Cys moieties may allow dye to
bind significantly, in turn pulling the equilibrium toward the
binding-capable states. The results we have obtained with
split tetra-Cys motifs introduced across strands in a b sheet
within a protein suggest that intermolecular cross-strand
interactions could also be favorable in vivo targets for split
tetra-Cys motif incorporation by positioning a pair of
cysteines on interacting b strands of protein partners. This
strategy complements the recent report from the A. Sche-
partz laboratory (Luedtke et al., 2007), in which ‘‘bipartite’’
tetra-Cysmotifs at termini of helical coiled-coil binding part-
ners enabled observation of specific dimerization in vivo.
EXPERIMENTAL PROCEDURES
Materials
EDT was obtained from Aldrich. FlAsH-EDT2 was synthesized as previously
described (Griffin et al., 2000).
Mutagenesis, Protein Expression, and Purification
CRABP I with a stabilizing R131Q mutation (Zhang et al., 1992) and an
N-terminal (His)10 extension was cloned in pET16b, as previously described
(Clark et al., 1998), and used as a template for all mutagenesis. All mutant
forms of CRABP I (Table S1) were generated using the QuikChange procedure
(Stratagene, La Jolla, CA) following the manufacturer’s protocol. All of the
proteins were expressed in E. coli BL21(DE3) cells and purified from the solu-
ble fraction of the cell extract using an Ni-NTA column (QIAGEN, Valencia, CA)
as previously described (Clark et al., 1998). Mutations were verified by both
DNA sequencing and mass spectrometry of the purified proteins. The protein
concentrations for the wild-type and the reduced cysteine variants were deter-
mined from the absorbance at 280 nm using a molar extinction coefficient of
20,970 M1 cm1. In the case of the St10–10 protein, we typically observed
an apparent overestimation of protein concentration from A280 measure-
ments, as indicated by a lower amount of monomeric protein visualized
upon Coomassie blue staining of the SDS-PAGE. This may be due to a greater
tendency of this mutant protein to form dimers (suggested by a persistent
dimer band on SDS-PAGE).Chemistry & Biology 15, 1104In Vitro Labeling of Purified Proteins with FlAsH
Purified proteins were reduced overnight in 1 mM Tris(2-carboxyethyl)phos-
phine (TCEP) at room temperature (RT). FlAsH labeling of the TCEP-reduced,
purified tetra-Cys proteins was carried out using either a 2-fold or 10-fold
excess of protein in a reaction volume of 0.5 ml for 4 hr at RT. The labeled pro-
teins were desalted on a PD10 desalting column (GE Healthcare) to remove
any free dye and EDT. The concentration of labeled protein in the desalted
fraction was determined from the absorbance measured at 508 nm, assuming
a molar extinction coefficient for bound FlAsH of 41,000 M1 cm1 for all the
proteins. Fluorescence emission spectra (515–600 nm) were collected on
0.2 mM solutions of the labeled protein samples on a QM1 spectrofluorimeter
(Photon Technologies International, Inc., Birmingham, NJ) with excitation at
508 nm. The excitation and emission bandwidths were each set at 2 nm.
Quantum Yield Measurement
Samples with OD508 less than 0.05 were used for the quantum yield (f)
measurements at 20C. Fluorescence measurements were carried out as
described above. The quantum yield of the protein-FlAsH complex (PF) was
determined using the relationship: fPF = fFlu 3 (IPF/IFlu) 3 (ODFlu/ODPF) 3
(n2PF/n
2
Flu), where Flu represents fluorescein, which was used as a standard
(with fFlu = 0.95), I represents the integrated fluorescence intensity obtained
from the fluorescence emission spectrum setting the wavelength of excitation
at 508 nm for the FlAsH-protein complex and 496 nm for fluorescein, OD is the
optical density of the samples at 508 nm and 496 nm for PF and fluorescein,
respectively, and n represents the refractive index of the samples. The excita-
tion and emission bandwidths for the fluorescence measurements were set at
2 nm each.
In Vitro Labeling of Proteins Using a Fixed FlAsH Concentration
FlAsH labeling of TCEP-reduced protein at a 2-fold excess of dye (1.0 mM) was
carried out in a 150 ml reaction volume using 0.5 mM of the reduced protein in
50 mMMOPS, pH 7.4, containing 150 mM sodium chloride and 1.0 mM TCEP
at RT for 4 hr. Fluorescence measurements were carried out as described
above.
For labeling of proteins under cellular conditions, the buffer included 5 mM
b-mercaptoethanol or a total GSH concentration of 5 mM (with a 200:1 molar
ratio of reduced-to-oxidized GSH) and 5 mg each of BSA and lysozyme in a
reaction volume of 20 ml. The buffer was preincubated with FlAsH and EDT
at concentrations of 10 mM and 50 mM, respectively, at RT for 45 min. Purified
protein was then added to the reactionmix at a final concentration of 5 mM, and
the labeling reaction was carried out at RT for 2 hr. The samples were then an-
alyzed on 10% tricine SDS-PAGE. The gel was scanned for FlAsH fluores-
cence using the blue laser (473 nm) of the phosphorimager (Fuji) followed by
Coomassie staining. The control consisted of all components for FlAsH label-
ing, including GSH and the BSA-lysozyme protein mixture, but without any
CRABP I protein.
EDT Titration of FlAsH-Labeled Proteins
Purified proteins labeled with FlAsH were desalted as described above. EDT
titration was performed with 0.2 mM of labeled protein and increasing concen-
trations of EDT, up to a 500-fold molar excess, and the samples were incu-
bated at RT for 4 hr. The decrease in FlAsH-fluorescence emission at
530 nm (lex = 508 nm) was measured. EDT-50, the molar excess of EDT at
which the fluorescence at 530 nm in the absence of EDT was reduced by
half, was used as a measure of apparent affinity for FlAsH. The kinetics of
EDT displacement of FlAsH were fit to a biexponential expression, the fluores-
cence intensities at saturation at time t = 0 s obtained from the extrapolation of
the fits, and the rate constants compared for the various constructs.
Determination of KDapp
KDapp for FlAsH binding to the proteins was determined by monitoring the
increase in the FlAsH fluorescence at 530 nm (lex = 508 nm) using a fixed
dye concentration of 50 nM and increasing protein concentrations up to
50 mM. The titrations were performed in 50 mM MOPS, pH 7.4, containing
150 mM sodium chloride, 1 mM TCEP, and 0.1 mM EDT. The samples were
incubated at RT for 4 hr prior to the measurements. The bandwidths were
set to 5 nm each. The data were fit to a 1:1 binding model to obtain the KDapp:–1115, October 20, 2008 ª2008 Elsevier Ltd All rights reserved 1113
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where, Fobs is the observed fluorescence, and Fmin and Fmax are the minimum
and the maximum fluorescence values, respectively. The Fmax value was
obtained by fitting the data to a single exponential expression.
FlAsH Labeling Expressed Proteins in E. coli Cells
FlAsH labeling of the recombinant proteins in vivo was carried out using a
protocol similar to that previously described (Ignatova and Gierasch, 2004).
In brief, freshly transformed BL21(DE3) E. coli cells were used for in-cell label-
ing. An overnight culture (50 ml) was used to inoculate a 5 ml culture, and cells
were grown at 37C. At anOD6000.5, 0.5ml of the culture waswithdrawn and
FlAsH, EDT, and IPTGwere added to a final concentration of 2.94 mM, 0.1mM,
and 0.5 mM, respectively. At 90–120 min after induction, cells were pelleted at
RT, 60003 g for 1min, and resuspended in 0.2ml LB. The cell suspension was
used for fluorescence measurement or fluorescence imaging. After fluores-
cence measurements, cells were lysed, and the lysate was electrophoresed
on 10% tricine-PAGE and analyzed on a phosphorimager, as described
above. In-gel analysis of in vivo samples reports on extent of labeling, as the
FlAsH signal arising from the denatured proteins in gel may be directly
compared. In all in-cell labeling of expressed protein, the gel was also stained
with Coomassie brilliant blue to check the expression level of different
constructs.
Fluorescence Microscopy
For fluorescence microscopy studies, a 3 ml sample of cell suspension was
imaged on a Nikon E600 microscope, with excitation at 488 nm and using
a 510 nm emission barrier filter. A 1003 oil objective was used. The images
were processed using Spot advanced software. Observing fluorescence by
microscopy in cells reports on the protein solubility and provides a rough
estimate of the efficiency of labeling under cellular conditions.
In Vitro FlAsH Labeling of Urea-Unfolded Proteins
FlAsH-labeled proteins (as prepared for the quantum yield measurements)
were subjected to urea unfolding in buffer (50 mM MOPS, pH 7.4,150 mM
sodium chloride, and 1 mM TCEP) containing 7 M urea at RT for 1 hr. EDT
was added to the native and unfolded proteins to a final concentration of 1 mM
and the reaction continued for 4 hr. Fluorescence measurements were carried
out as described above. Relative fluorescence intensities at 530 nm were cal-
culated with respect to native-state fluorescence for each of the constructs.
Similar results were obtained when the experiment was done with labeling of
the native and 7 M urea-unfolded forms of the protein in the presence of
0.5 or 1.0 mM EDT at RT for 4 hr. It is important to note that, in the presence
of high concentrations of EDT, the EDT-bound form of free FlAsH is practically
nonfluorescent, and hence any significant fluorescence signal present in such
a case arises only from FlAsH bound to the protein.
FlAsH-Labeling of Urea-Unfolded Proteins in Cell Lysate
Proteins were expressed in E. coli BL21(DE3) cells following a protocol similar
to that used for protein purification. Typically, 3 ml of the cells were pelleted at
various times after induction and resuspended in 0.5 ml of 50 mM MOPS, pH
7.4, containing 150 mM sodium chloride. After sonication, the cell lysate was
spun at 16,0003 g for 15 min at 4C to separate the soluble and the insoluble
fractions. Protein present in the soluble fraction was used for FlAsH labeling.
The labeling reaction was performed in a reaction volume of 150 ml using
a 5- to 7-fold dilution of the soluble fraction of the cell lysate. The cell lysate
was equilibrated in buffer in the absence and presence of 7–8 M urea for 2
hr. FlAsH and EDT were added to the equilibrated samples at concentrations
of 0.2 mMand 1.0 mM, respectively. Labeling was carried out for 1 hr at RT. The
samples were analyzed on a fluorimeter as well as by SDS-PAGE, as
described above.1114 Chemistry & Biology 15, 1104–1115, October 20, 2008 ª2008Urea Titration of FlAsH-Labeled St10–10 In Vitro and in Cell Lysates
Purified St10–10 protein was incubated overnight in the presence of the reduc-
tant TCEP, then labeled with FlAsH (at a protein-to-dye ratio of 10:1) in 50 mM
MOPS, pH 7.4, containing 150 mM sodium chloride for 2–4 hr. Labeled protein
was added to buffer containing varying urea concentrations and 0.5 mM EDT
and the samples incubated at 25C for 1 hr. Fluorescencemeasurements were
carried out as described above. We do not advise using longer incubations of
FlAsH-labeled pure protein in urea, as we saw significant changes in dye
fluorescence over time.
Urea titrations of protein present in the cell lysate were carried out by equil-
ibrating the cell lysate containing St10–10 (5-fold dilution of the cell lysate) in
varying urea concentrations in 50 mM MOPS, pH 7.4, containing 150 mM
sodium chloride for 8 hr at 25C, followed by FlAsH labeling using 2 mM of
the dye in the presence of 0.5 mM EDT for 10 min. The short labeling time
was used to reduce any nonspecific labeling, and was confirmed to be
sufficient based on the gel filtration data (Figure 7A). Fluorescence of the
labeled cell lysate was measured as described above. In all the urea titration
experiments, TCEP was excluded to reduce the complications from the effect
of TCEP on protein stability (unpublished data).
Gel Filtration Chromatography for the FlAsH-Labeled Protein
The extent of dye binding was estimated by gel filtration on a 5 ml HiTrap
desalting column (GEHealthcare); the amount of dye coeluting with the protein
at the void volume of the column yielded an estimate of bound dye. Protein
samples (18 mM St10–10 or 47 mM WT) were equilibrated in native (0 M urea)
or unfolding (7 M urea) buffer in a reaction volume of 0.5 ml for at least 2 hr.
FlAsH labeling was carried out on the equilibrated samples using 2 mM dye
in the presence of 0.5 mM EDT for 10 min, followed by immediate desalting
on the preequilibrated HiTrap column on a AKTA purifier unit (GE Healthcare).
Desalting was carried out at RT, and the column run at 2 ml/min flow rate. The
chromatogram traces were monitored for protein at 280 nm and 220 nm, and
for FlAsH at 500 nm.
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